HSC for paracrine signaling with SEC. Indeed, multiple molecules are implicated in HSC-SEC cross talk, especially vascular endothelial growth factor A (VEGF), which is a key molecule released by HSC that promotes SEC migration, recruitment, and angiogenesis (19, 26, 38) . Although failure of such signaling results in severe vascular defects (20, 22, 23) , the molecular mechanisms that mediate HSC-SEC cross talk mechanisms such as VEGF secretion are not fully defined.
Eph receptor tyrosine kinases constitute a large family of transmembrane proteins with a single cytoplasmic kinase domain that is activated in response to binding of ephrin ligands to the extracellular globular domain of the receptor (11) . Based on their ligand-binding characteristics, Ephs have been subdivided into Eph A and Eph B receptors, although significant redundancy and cross talk exists between subclasses (28) . Several Eph/ephrin molecules are expressed in blood vessels, and targeted inactivation of genes encoding EphrinB2 and EphB4 in mice has demonstrated their essential role for angiogenesis and vascular remodeling (2, 15, 40) . Our prior studies (31) have identified the ephrin family of proteins as key regulators of HSC motility downstream from platelet derived growth factor (PDGF) stimulation. However, effects of this class of molecules on release of angiogenic factors from HSC has not been explored. Therefore, these proteins appear to be interesting candidates for studying SEC and HSC cross talk.
In this study, we interrogate the role of ephrins in SEC recruitment signaling. Especially since vascular endothelial growth factor (VEGF) is a canonical SEC chemotactic agent secreted by HSC, we hypothesized that ephrin activation in HSC may promote recruitment of SEC through HSC secretion of VEGF. Indeed, we demonstrate, using complementary mechanistic approaches, that ephrin-Eph interactions regulate VEGF gene transcription in HSC and that this in turn promotes SEC recruitment. Additionally, we provide insights into several key signal intermediaries that determine this process both in cytosol and in nucleus. We anticipate that these results should expand our understanding of the dynamic interplay of SEC and HSC within the hepatic sinusoids.
MATERIALS AND METHODS
Cell culture. All tissue culture reagents were obtained from GIBCO (Rockville, MD). Isolated primary human HSC (ScienCell Research Laboratories) and primary human SEC (ScienCell Research Laboratories) were used between passages 2 and 6 (31). HSC and SEC were cultured in defined medium obtained from the vendor and supplemented with 10% fetal bovine serum, penicillin (100 IU/ml), and streptomycin (100 g/ml).
EphB4/EphrinB2 chimeras. EphB4 and EphrinB2 chimeras were purchased from R & D Biosystems (Minneapolis, MN). EphrinB2 and EphB4 chimeras consisted of the extracellular domain of the respective ephrin protein fused to the Fc portion of human IgG and were utilized to activate EphB4 and EphrinB2, respectively (14, 31) .
Quantitative real-time PCR. Total RNA was extracted from HSC by using the RNeasy kit according to the manufacturer's instruction (Qiagen, Valencia, CA). Total RNA (1 g) was used for the cDNA synthesis by using random hexamer primer of the SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA). For TaqMan-based real-time PCR analysis, 25 ng of each cDNA was added to the Taqman Universal PCR Master Mix along with 900 nM of each primer and 200 nM of probe according to the manufacturer's instruction (Applied Biosystems, Carlsbad, CA). Real-time fluorescence monitoring was performed with the Applied Biosystems 7500 Realtime PCR System instrument. Amplification of human GAPDH and eukaryotic 18S rRNA was used in the same reaction of all samples as an internal control. Gene-specific mRNA was subsequently normalized to GAPDH mRNA. Levels of VEGF A mRNA were expressed as fold difference of EphrinB2 Fc-or EphB4 Fc-treated cells compared with vehicle-treated cells. For KLF2 mRNA levels, SYBRgreen was used for quantitative real-time PCR with GAPDH mRNA serving as normalization control.
Gene silencing. Small interfering RNA (siRNA) targeting human EphrinB2, EphB4, and a scrambled control were obtained from Qiagen (Valencia, CA). Cells were transfected with siRNA by use of oligofectamine (Invitrogen). Conditions and concentrations required for specificity of knockdown with high transfection efficiency were individually established. In some experiments, reconstitution of functional EphrinB2 signaling was achieved by addition of the agonistic recombinant EphrinB2 Fc chimera.
VEGF ELISA. VEGF-A concentration in supernatants of vehicle, EphrinB2-FC (2 g/ml), and EphB4-FC (2 g/ml)-stimulated HSC were measured by use of a hVEGF Quantitative kit (R & D Biosystems) as per the manufacturer's instructions. Data were calculated as picograms of VEGF per microgram of cellular protein.
Luciferase promoter assay. LX2 cells, an immortalized human HSC line (18) , were transfected with human VEGF-promoter-luciferase reporter constructs (pVEGF) and 0.01 g Renilla luciferase reporter vector to control for transfection efficiency (pRL-TK) by use of Lipofectamine 2000 (Invitrogen). At 10 h later, culture medium was changed and cells were cultured for an additional 12-14 h in presence or absence of stimulation by Fc chimeras of EphrinB2 or EphB4. In a separate set of experiments, LX2 cells were cotransfected with human pVEGF and either EphrinB2/EphB4 siRNA or scrambled (control) siRNA. Luciferase assays were conducted by using a dual luciferase kit (Promega) as described previously (8, 9) .
Immunoblotting. Cells were homogenized in a lysis buffer (50 mM Tris·HCl, 0.1 mM EGTA, 0.1 mM EDTA, 1% NP-40, 0.1% deoxycholic acid, 0.1% SDS, pH 7.5). Protein quantification of samples was performed with the Lowry assay. Detergent-soluble protein lysates were separated by SDS-PAGE on a 10% acrylamide gel, and proteins were transferred onto nitrocellulose membrane. The membranes were washed in Tris-buffered saline with 0.05% Tween, blocked in 5% nonfat dry milk, and incubated with p44/42 MAPK, phospho-p44/42 MAPK antibody (Ab) (Thr202/Tyr204), Akt, and phospho-Akt Ab (Ser473 and Thr308) (Cell Signaling, Santa Cruz, CA). Membrane was reprobed for actin to confirm equal protein loading and transfer between lanes.
Boyden chamber assay. Cell migration assays were performed by using a Boyden chamber (Becton Dickinson, Heidelberg, Germany) with 12-m-pore-size polycarbonated filters coated with type I collagen (50 g/ml). Cells suspended in serum free medium were seeded to the upper wells (20 ϫ 10 3 cells/well) and lower chambers were filled with 26 l of EphrinB2-Fc, EphB4-Fc, or vehicle-treated HSC cell culture supernatant (conditioned media). In another set of experiments, cell culture supernatants from vehicle, EphrinB2-Fc or EphB4-Fc-stimulated HSC, preincubated with either VEGF-A neutralizing antibody (10 g/ml) (R & D Biosystems) or isotype IgG control (10 g/ml), were used to assess VEGF dependency of the effect. After 4 h of incubation at 37°C the polycarbonated filter was removed and migrated cells on the lower surface were stained with HEMA-3. Cells passed through the filter were quantified from random microscopic fields. Each assay was carried out in triplicate with six replicates of each group per assay. Results are expressed as the mean number of migrated cells Ϯ SD.
Confocal immunofluorescence microscopy. Liver tissues from CCl 4-treated rats were harvested and embedded in optimal cutting temperature compound. Then 5-m sections were cut and mounted on slides. Samples were blocked with 10% goat serum in PBS for 1 h and then incubated with goat anti-mouse EphB4 (1:50), rabbit monoclonal PDGFR-␤ antibody (1:80), and von Willebrand factor (vWF) antibody [1:400; vWF is detected in situ on SEC after liver injury (33) ] overnight at 4°C degrees, followed by incubation for 1 h with Alexa Fluor 488-conjugated donkey anti-goat (1:250) and Alexa Fluor 546-conjugated goat anti-rabbit (1:250) secondary antibodies, respectively. The slides were then counterstained with Toto3, and confocal microscopy was performed by LSM 5 Pascal (Carl Zeiss, Thornwood, NY).
Statistical analysis. Experiments were performed in triplicate with a minimum of three independent experiments. Data are depicted as means Ϯ SE. Comparisons were performed via Student's t-test or one-way analysis of variance when comparing more than two sample groups, with statistical significance set at P Ͻ 0.05.
RESULTS

EphrinB2 and EphB4 activation stimulates VEGF secretion by HSC. HSC interact with SEC through bidirectional paracrine signaling to form angiogenic vascular networks in liver.
We had previously shown that PDGF signaling through EphrinB2 regulates HSC motility and vascular coverage (31); however, effects on SEC were not explored. Since VEGF signaling is critical for endothelial cell sprouting, proliferation, migration, permeability, and survival signaling (10), we looked at the ability of HSC to produce VEGF in response to EphrinB2/ EphB4 stimulation. VEGF mRNA levels were increased after stimulation with EphrinB2/EphB4 Fc chimera as measured by quantitative real-time PCR (Fig. 1A) . The stimulation of VEGF-A mRNA induced by EphrinB2/EphB4 Fc occurred in a time-dependent manner (Fig. 1A) . Additionally, cycloheximide, an inhibitor of protein translational, blocked EphB4 Fc-induced increases in VEGF mRNA, indicating that the pathway of regulation involved de novo protein translation (Fig. 1B) . To further corroborate these results, we silenced EphrinB2 and EphB4 with their respective siRNA, both reagents that we have previously validated with regard to their specificity and magnitude of knockdown (31) . Interestingly, VEGF mRNA levels were significantly decreased by 40% in presence of either EphrinB2 siRNA or EphB4 siRNA, indicating that inhibition of endogenous cell-to-cell activation of EphrinB2/EphB4 signaling is important for maintaining basal VEGF mRNA production (Fig. 1C) . Furthermore, this siRNAinduced decrease in VEGF A mRNA expression could be reconstituted and amplified by adding back the relevant Fc chimeras in an exogenous manner (Fig. 1C) . A similar and statistically significant effect, albeit quantitatively smaller, was also observed by VEGF ELISA performed from supernatants of EphrinB2-Fc-stimulated HSC (vehicle: 373.2 pg/g Ϯ 2.5 pg/g vs. EphrinB2 FC: 413.6 pg/g Ϯ 6.7 pg/g, n ϭ 3 separate experiments; P Ͻ 0.05 between the groups). Thus these studies demonstrate that EphrinB2/EphB4 activation increases VEGF mRNA levels in HSC.
Ephrins activate VEGF transcription by regulating its promoter activity. To explore the potential mechanisms of VEGF transcription regulation by EphrinB2 and EphB4, we studied the activity of a human VEGF reporter luciferase construct (pVEGF) in presence or absence of ephrin Fc chimeras in LX2 cells. Interestingly, the EphB4 Fc chimeric agonist was more Fig. 1 . EphrinB2 and EphB4 increase VEGF mRNA levels in human hepatic stellate cells (HSC). HSC were treated with EphrinB2 chimera (2 g/ml), EphB4 chimera (2 g/ml), and/or respective small interfering RNA (siRNA) for 3, 12, and 48 h, respectively, and the total RNA was extracted for VEGF mRNA estimation by quantitative RT-PCR analysis. A: there was a significant increase in VEGF mRNA levels in both EphrinB2-and EphB4-treated groups compared with their respective time controls at 12 and 48 h (n ϭ 3 separate experiments, each in triplicate, *P Յ 0.05). B: cyclohexamide (10 g/ml) blocked EphB4 Fc-induced VEGF A mRNA production (n ϭ 3 separate experiments, each in triplicate, *P Յ 0.05). C: basal VEGF mRNA levels were attenuated by incubating HSC with EphrinB2 or EphB4 siRNA (n ϭ 3 separate experiment, each in triplicate, *P Յ 0.05). Stimulation of siRNA-transfected cells with EphrinB2 and EphB4 chimeras reversed the siRNA-mediated inhibitory effect on VEGF mRNA levels. Renilla control and full-length human VEGF reporter luciferase construct (pVEGF) showed an increased luciferase activity upon stimulation with both EphrinB2 (2 g/ml) and EphB4 (2 g/ml) chimeras, with EphB4 stimulation achieving a statistically significant effect (n ϭ 3 separate experiments, each in triplicate, *P Ͻ 0.05). B: knockdown of EphrinB2 or EphB4 with their respective siRNA resulted in a 40 -50% reduction in luciferase activity compared with control siRNA, whereas stimulation of siRNA-knockdown cells with activating chimera reconstituted basal promoter activity (n ϭ 3 separate experiments, each in triplicate, *P Ͻ 0.05). C: stimulation of LX2 cells by EphB4 or EphrinB2 chimeras significantly increased KLF2 mRNA levels as assessed by quantitative real-time PCR (n ϭ 3 separate experiments, each in triplicate, *P Ͻ 0.05).
potent than the EphrinB2 Fc and significantly increased VEGF promoter activity by 2.3-fold ( Fig. 2A) . To substantiate the role of EphB4 on VEGF gene transcription, we performed reporter assays in cells cotransfected with human VEGF promoter and either EphrinB2 siRNA or EphB4 siRNA or scrambled (control) siRNA. Relative luciferase activity in cells cotransfected with either EphrinB2 or EphB4 siRNA was significantly decreased by 40 -50% compared with cells cotransfected with scrambled siRNA, consistent with the effects of these siRNA VEGF mRNA levels shown in Fig. 1 and reflective of the effects of endogenous cell-cell EphrinB2/EphB4 interactions on VEGF transcription (Fig. 2B ). This decrease in VEGF promoter activity could again be rescued by the respective Fc chimeras, which increased the relative luciferase activity with EphB4 Fc, again showing a more prominent effect than EphrinB2 Fc (Fig. 2B) . Lastly, EphrinB2/EphB4-stimulated HSC showed an increase in mRNA levels of the vasculoprotective transcription factor KLF2 (27) compared with the vehicle-treated group as assessed by quantitative real-time PCR (Fig. 2C) . In summary, these results indicate a signif- Fig. 3 . Ephrin-induced VEGF-A upregulation requires Erk phosphorylation. A: EphrinB2 (EFNB2) and EphB4 stimulation of HSC increased Erk phosphorylation compared with vehicle, whereas Akt phosphorylation (pAKTSer473 and pAKT-Thr308) was unchanged (0 -4 g/ml; n ϭ 3 separate experiments; pThr308-to-total Akt ratio from densitometric analysis is shown below the Western blot). B: U0126 (10 m) attenuated the increase in Erk phosphorylation as assessed by Western blot. Total Erk served as a protein loading control. PDGF stimulation was used as a positive control for Erk and Akt activation. C: U0126 (10 m) decreased VEGF mRNA levels in EphrinB2-and EphB4-stimulated cells compared with vehicle (*P Ͻ 0.05). Fig. 4 . Conditioned media from EphrinB2/EphB4-stimulated HSC increases sinusoidal endothelial cell (SEC) migration through VEGF-A production. A: conditioned medium (CM) from HSC stimulated with EphrinB2-Fc, EphB4-Fc, or vehicle for 48 h was used to assess the migratory effect on SEC via Boyden chamber. Ave No., average number; HHSEC, human hepatic sinusoidal endothelial cells; Ab, antibody. Media from both EphrinB2-and EphB4-treated groups (4th and 6th bars) increased SEC migration compared with the media from the vehicle-treated HSC (2nd bar) and compared with groups where basal medium (BM) containing EphrinB2 or EphB4 was used as a chemokine (3rd and 5th bars) (n ϭ 3 separate experiment, *P Ͻ 0.05). B: conditioned media from vehicle or EphrinB2-Fc-treated HSC when preincubated with VEGF-A neutralizing antibody (10 g/ml) significantly decreased (ϳ50% reduction) the ability of SEC to migrate compared with the respective groups in which the conditioned medium was preincubated with isotype IgG control (n ϭ 3 separate experiments, *P Ͻ 0.05).
icant effect of EphrinB2 and EphB4 on VEGF gene transcription.
EphrinB2/EphB4 regulate VEGF mRNA levels via Erk signaling. We next sought to identify key cytosolic signaling intermediates that may regulate EphrinB2/EphB4 stimulation of the VEGF promoter. We focused our attention on Erk and Akt (Ser473 and Thr308), both key signaling intermediaries implicated in VEGF production (12, 17, 24, 36) . Western blot analysis showed that EphrinB2/EphB4 stimulation in HSC signals intracellularly via Erk phosphorylation (although increasing doses of chimera did not have an incremental intracellular response) (Fig. 3A) . Interestingly, the positive control PDGF stimulated both Erk and Akt, whereas EphrinB2/EphB4 activation specifically activated Erk but not Akt (Fig. 3B) . The specificity of Erk phosphorylation by EphrinB2/EphB4 was further examined by using the MEK inhibitor U0126. EphrinB2 induced Erk phosphorylation was significantly reduced in cells stimulated with U1026 (Fig. 3B) . Lastly, VEGF mRNA levels were analyzed in EphrinB2/EphB4-stimulated HSC pretreated with U0126. VEGF mRNA levels were significantly reduced after pretreatment of cells with U0126, indicating that EphrinB2/EphB4 stimulates VEGF release from HSC through an Erk-dependent but Akt-independent pathway (Fig. 3C) .
EphrinB2/EphB4 stimulation of HSC promotes SEC migration through a VEGF-dependent mechanism. SEC migration is a key step in angiogenesis and therefore to ascertain whether EphrinB2/EphB4 stimulation of HSC was sufficient to mediate HSC release of chemotactic molecules that regulate SEC migration, HSC were stimulated with EphrinB2 or EphB4 Fc chimera and conditioned medium was collected to ascertain chemotactic effects of the conditioned media on SEC by use of a modified Boyden chamber. Indeed, conditioned media from EphrinB2 Fc-stimulated HSC enhanced SEC chemotaxis compared with its relevant control groups, including non-chimerastimulated conditioned media and nonconditioned chimeracontaining media ( Fig. 4A ; *P Ͻ 0.05 for EphrinB2-Fc vs. conditioned media). Preincubation of the condition media with either VEGF-A-neutralizing antibody (10 g/ml) significantly reduced (ϳ50%) the ability of SEC to migrate in response to EphrinB2 Fc compared with an isotype IgG control-treated group (Fig. 4B) . The neutralizing antibody also significantly reduced migration by Ͼ50% in response to EphB4 Fc as well (data not shown). Thus these studies highlight the role of EphrinB2/EphB4 stimulation of HSC as a mechanism to promote SEC chemotaxis through VEGF-A production.
Lastly, since EphrinB2/EphB4 activation and signaling require cell-to-cell contact because both the ligand and its cognate receptor are cell membrane bound and the ligand and receptor both signal bidirectionally, we looked at the expression of EphB4 in rats with CCl 4 -induced liver injury, since the process of liver fibrosis involves robust angiogenic responses (13) requiring cross talk between EC and HSC for sinusoidal remodeling. Although the immunofluorescent signal was very low in vehicle-treated rats (data not shown), CCl 4 -treated rats evidenced prominent expression of EphB4 within the sinusoids with close proximity of both EC and HSC (Fig. 5) , thereby providing in situ positioning of ephrins within the hepatic sinusoids.
DISCUSSION
Hepatic microcirculation, by virtue of its sinusoidal configuration, modulates hepatic blood flow and facilitates transport of nutrients to parenchymal liver cells. The structural proximity and communication between HSC and SEC within the sinusoids is essential for maintaining sinusoidal integrity and function. Paracrine signaling between these two predominant cell populations in the sinusoids also plays a significant role in settings of chronic liver diseases (10, 31) wherein remodeling and distortion of the sinusoidal architecture occurs in coordination with derangements of vascular growth factor production such as VEGF (7, 25, 29) . Although the ability of HSC to secrete VEGF (4) and their angiogenic effects (26) are well known, the pathways that modulate VEGF production from HSC are not as well defined. In this regard, the present studies identify a novel observation, expanded with mechanistic details, whereby the ephrin signaling pathway regulates HSCderived VEGF production and ensuing SEC recruitment.
Ephrins have been shown to play an important role in regulation of vascular assembly and homeostasis (6) . Indeed, they provide molecular distinction to endothelium when it is developing into artery or vein and also play an important role in angiogenic interaction between embryonic vessels (35, 40) . Our prior studies (31) showed that the ephrin pathway could regulate HSC whereby HSC acquire an angiogenic phenotype in response to PDGF through an ephrin-dependent pathway. The present studies tie together these two lines of work in HSC and SEC by demonstrating that the ephrin pathway in HSC can promote SEC recruitment via release of substances that are chemoattractive for SEC such as VEGF. Indeed, HSC have been implicated in the secretion of angiogenic factors such as angiopoietin and VEGF (37) . We observed that EphrinB2/ EphB4 chimeras increased VEGF mRNA production from HSC along with an increase in VEGF promoter activity and that this effect could be specifically blocked by silencing with EphB4 and EphrinB2 siRNA. Interestingly, members of the ephrin family have been observed to be upregulated in hepatitis C virus-associated cirrhosis (32) and cancer (16) , both conditions that may require increased vascularity to maintain a conducive environment for the disease process to progress and consistent with the immunofluorescent analysis performed in this study using rats exposed to CCl 4 .
Our study also highlights some interesting transcriptional mechanisms by which EphB4/EphrinB2 stimulation leads to VEGF secretion. For example, EphB4/EphrinB2 stimulation also led to the upregulation of KLF2, a member of the zinc finger-containing family of transcription factor (5). A previous study by Wu et al. (41) has shown that KLF2
Ϫ/Ϫ mouse embryos show a defect in vascular maturation due to the failure of the mural cells to migrate to the arterial wall. Other work has also implicated KLF2 as a key modulator of vascular integrity (21, 27) , making it a logical transcriptional molecule to regulate HSC and SEC cross talk requisite for homeostasis as well as remodeling.
An important signaling pathway by which ephrins can stimulate VEGF secretion from HSC might involve Erk phosphorylation as we have observed in our study. Phosphorylation of Erk, a key cell survival and proliferation protein, has been shown previously by other to regulate VEGF-A expression through HIF-1␣ phosphorylation (39) . We observed that EphrinB2 stimulated phosphorylation of Erk. Furthermore, the MEK inhibitor U0126 blocked the phosphorylation secondary to EphrinB2 treatment, showing the specificity of the signaling Fig. 6 . Proposed mechanism. Stimulation of either EphB4 receptor by EphrinB2 or EphrinB2 by EphB4 results in increased Erk phosphorylation (circled P) that leads to increased KLF2 and VEGF promoter activity. HSC-derived VEGF, in turn, provides a chemotactic stimulus for SEC migration and recruitment. In an in vivo setting EphrinB2/ EphB4 stimulation may occur by cell to cell contact between HSC or between HSC and SEC.
pathway. Since VEGF mRNA expression was also attenuated by U0126, these studies indicate that Erk phosphorylation may be an important step in ephrin-dependent VEGF production and highlight the important role of Erk in vascular integrity and function.
Given that SEC motility was enhanced by supernatant from HSC treated with EphB4 or EphrinB2 chimera, it can be speculated that HSC might play an important role in recruitment of SEC through VEGF production upon stimulation with ephrins. This mutual interaction between HSC and SEC through VEGF and PDGF (31) production, respectively, would be essential for juxtaposing these cells in the hepatic sinusoids, thereby maintaining vascular homeostasis in the liver and in turn for the changes involved in sinusoidal vascular remodeling. One question that emerges from these data is the autocrine as opposed to paracrine stimulation of ephrins in HSC. Indeed, EphrinB2 and EphB4 bind and signal bidirectionally, a process that may provide redundancy of function. Indeed, in our studies some of the mechanistic readouts were more prominent in response to stimulation of EphrinB2-Fc whereas others were more prominent in response to EphB4-Fc. For example, EphrinB2-FC revealed a greater stimulatory effect in studies focused on the protein level such as chemotaxis and ELISA, whereas EphB4-FC revealed quantitatively greater effects on studies focused on transcription studies. This observation highlights that although signaling through these receptors is bidirectional, there may be quantitative and qualitative differences in the way that signals are transduced between the two receptors. In vivo, we anticipate that ephrin stimulation may occur through cell-cell interactions between adjacent stellate cells as well as between adjacent EC and HSC (Fig. 6) . Indeed, the immunofluorescence analysis of liver from animals with experimental cirrhosis depicts close proximity of EphB4 with both SEC and HSC.
In summary, EphrinB2 and EphB4 regulate VEGF production from HSC via Erk phosphorylation and is associated with KLF2 upregulation. We anticipate that this pathway importantly regulates HSC and SEC cross talk that regulates sinusoidal function in health and disease. 
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